The Mnt gene encodes a Mad-family bHLH transcription factor located on human 17p13.3. Mnt is one of 20 genes deleted in a heterozygous fashion in Miller-Dieker syndrome (MDS), a contiguous gene syndrome that consists of severe neuronal migration defects and craniofacial dysmorphic features. Mnt can inhibit Myc-dependent cell transformation and is hypothesized to counterbalance the effects of c-Myc on growth and proliferation in vivo by competing with Myc for binding to Max and by repressing target genes activated by Myc : Max heterodimers. Unlike the related Mad family members, Mnt is expressed ubiquitously and Mnt/Max heterodimers are found in proliferating cells that contain Myc/Max heterodimers, suggesting a unique role for Mnt during proliferation. To examine the role of Mnt in vivo, we produced mice with null (Mnt KO ) and loxPflanked conditional knock-out (Mnt CKO ) alleles of Mnt. Virtually all Mnt KO/KO mutants in a mixed (129S6 Â NIH Black Swiss) or inbred (129S6) genetic background died perinatally. Mnt-deficient embryos exhibited small size throughout development and showed reduced levels of c-Myc and N-Myc. In addition, 37% of the mixed background mutants displayed cleft palate as well as retardation of skull development, a phenotype not observed in the inbred mutants. These results demonstrate an important role for Mnt in embryonic development and survival, and suggest that Mnt may play a role in the craniofacial defects displayed by MDS patients.
INTRODUCTION
Isolated lissencephaly sequence (ILS; MIM 607432) and Miller-Dieker syndrome (MDS; MIM 24720) are specific human malformation syndromes that both exhibit classical lissencephaly ('smooth brain'), a heterogeneous human developmental brain disorder caused by defects in neuronal migration (1) . Lissencephaly encompasses varying degrees of agyria (absence) and pachygyria (thickening) of the cerebral cortex. Individuals with ILS have lissencephaly but no other major malformations and the degree of lissencephaly is generally of reduced severity. By contrast, MDS patients display the most severe degree of lissencephaly (complete agyria) as well as a characteristic dysmorphic facial appearance that includes prominent forehead with bitemporal hollowing, short nose with upturned naris, thickened upper lip with a thin vermilion border, widely spaced eyes, low set ears and small jaw, as well as other abnormalities (2) . All MDS cases and most cases of ILS (40%) are associated with visible or submicroscopic deletions of chromosome 17p13.3 (2-4) that include LIS1 (5).
*To whom correspondence should be addressed. Tel: þ1 8588223400; Fax: þ1 8588223409; Email: awynshawboris@ucsd.edu Point mutations found in non-deletion ILS patients confirmed that haploinsufficiency of LIS1 is required for ILS (6) (7) (8) . However, for this chromosomal region, the most severe form of lissencephaly (complete agyria) and other major MDS abnormalities are found only with larger (>250 kb) and more telomeric deletions on chromosome 17p13.3, including and extending beyond LIS1 (7).
These findings suggest that MDS is a contiguous gene syndrome where heterozygous deletion of genes distal to LIS1 may be responsible for the facial dysmorphisms and more severe neuronal migration defects seen in MDS patients. A large study of patients with 17p13.3 deletions is consistent with this hypothesis. All MDS patients (with the most severe form of lissencephaly) had deletions that extended from LIS1 to always include at least two genes, CRK and 14-3-3e, with a progressive increase in mild features of MDS in patients with progressively larger deletions between LIS1 and 14-3-3e (9) . The contiguous gene syndrome hypothesis is also supported by mouse studies. Mice with heterozygous or homozygous null alleles of 14-3-3e displayed neuronal migration defects, and mice doubly heterozygous for null alleles of Lis1 and 14-3-3e displayed more severe migration defects than either single heterozygote (10) . Thus, LIS1 and 14-3-3e contribute to neuronal migration defects of MDS, although other genes within this region may contribute as well.
In contrast to the genes important for neuronal migration, the genes important for the craniofacial features of MDS have not been identified. The facial features of MDS have not been seen without lissencephaly for 17p13.3-linked human diseases. Mouse studies have provided some clues. Mice with homozygous deletion of Hic1, a gene within the MDS region, display a range of developmental defects including cleft palate (11) . Although Hic1 may contribute to the craniofacial defects seen in MDS, heterozygous mice have no obvious defects and display normal craniofacial development.
Here, we investigate the role of Mnt, another MDS region gene, during mouse development. Mnt codes for a Myc class basichelix-loop helix-leucine zipper (bHLHZip) protein that, like Myc, forms heterodimers with the bHLHZip protein Max. Myc family proteins (c-Myc, N-Myc and L-Myc) play fundamental roles in the control of cell growth, proliferation, differentiation and embryonic development (reviewed in [12] [13] [14] [15] , and it has been proposed that Mnt functions as a Myc cellular antagonist. In addition to Myc and Mnt, Max binds to the four Mad family members Mad1, Mxi1, Mad3 and Mad4, and to Mga (reviewed in 13, 14) . Mnt and Mad family proteins share not only related bHLHZip domains, but also a small region in their N-termini that interacts with Sin3 corepressor proteins (reviewed in 13, 14) . The Sin3 interaction domain, or SID, in Mnt and Mad family proteins mediates their ability to repress transcription and to suppress Myc-dependent transformation of cells in culture (13) . Mnt : Max, Mad : Max and Myc : Max heterodimers have similar DNA binding specificity and appear to constitute an activationrepression system in which Mnt : Max and Mad : Max antagonize Myc : Max-dependent transcriptional activation through reciprocal effects on histone acetylation and chromatin structure (16) (17) (18) (19) (20) (21) . Indeed, there is growing evidence that Mad, Mnt and Myc regulate an overlapping set of genes (22) (23) (24) (25) (26) (27) .
Using mice with complete loss-of-function and conditional knock-out mutations in Mnt, we have attempted to understand the in vivo functions of this gene. We recently found that Mnt À/À mouse embryonic fibroblasts (MEFs) display a phenotype highly similar to that caused by overexpression of Myc (27) 
RESULTS

Targeted disruption of Mnt
The targeting vector was designed so that a loxP-flanked hygro resistance gene and a third loxP were inserted into introns 3 and 6, respectively (Fig. 1A) , resulting in the introduction of a conditional knock-out mutation (Mnt-CKO allele) in the germline of mice. Mnt þ/CKO mice in a 129/S6 inbred background were produced. Two germline deleter strains were used to produce a null allele for Mnt (Mnt-KO allele) from Mnt þ/CKO mice, with the deletion of 357 amino acid residues of Mnt and also the elimination of hygro. EIIa-Cre transgenic mice (29) were used to generate the Mnt-KO allele in mixed background (129/S6 Â FVB/n) mice in vivo. Inbred 129/S6 background Prion-Cre mice (30) were mated with inbred Mnt þ/CKO mice to generate the Mnt-KO allele in an inbred (129/S6) background in vivo. Genotypes were determined by Southern blot and PCR analysis ( Fig. 1B and C ). Heterozygotes were fertile and healthy. Protein lysates were prepared from embryos of each of the three genotypes, and used for western blot analysis. Using an antibody recognizing the N-terminal 55 amino acids of Mnt, there was no detectable Mnt protein in Mnt À/À embryos, while embryos from Mnt þ/À mice had approximately half the amount of Mnt protein (Fig. 1D ). These studies confirmed that the Mnt-KO allele is a protein null.
Mnt requirement for neonatal survival
Genotypic analysis derived from the intercross of mixed background Mnt þ/À mice revealed that <2% homozygous null mutant mice survived to adulthood (Table 1) . Moreover, most Mnt À/À mice survived until birth (Table 1) , and if they did survive to birth, virtually all mice died within 4 days of birth (Table 2) . To confirm this, timed pregnancies were used to produce mice at various embryonic ages and genotype recovery at all stages correlated with expected Mendelian ratios (data not shown). In an inbred 129/S6 background, slightly more ($3.5%) Mnt À/À mice survived into adulthood (Table 1) . Although many mice died at birth, a number of inbred Mnt À/À mice died later than Mnt À/À mice in a mixed background (10 days to 3 weeks after birth). Thus, loss of Mnt results in lethality between birth and weaning in >95% of mice, and points to a critical role for Mnt in survival. It should be noted that in the mixed background, there appear to be fewer Mnt mice than expected, although the difference is not statistically significant. The expected ratios of Mnt þ/þ to Mnt þ/À mice were observed in the 129S6 background, so it is unclear if the differences observed in the mixed background have any biological significance.
Mnt requirement for embryonic, neonatal and postnatal growth
In addition to its important role in neonatal survival, Mnt is important for growth throughout development. Mnt À/À mice in the mixed background were smaller than wild-type mice at E14.5 ( Fig. 2A and B In MEFs derived from Mnt À/À mice, we found that c-Myc decreased to very low levels soon after being established in culture, while Cyclin E and Cdk4 levels were found to be consistently higher in Mnt À/À MEFs (27) . Similar to these results in MEFs, c-Myc was expressed at reduced levels in Mnt À/À embryos compared to wild-type and Mnt þ/À embryos displayed intermediate levels of c-Myc ( Fig. 3) . Although N-Myc is not normally expressed in MEFs, it is expressed in embryos, so we examined the expression of N-Myc in embryos of all three genotypes. Similar to c-Myc, N-Myc was expressed at reduced levels in Mnt À/À embryos compared to wild-type and Mnt
embryos displayed intermediate levels of N-Myc (Fig. 3) . Cyclin E1 and Cdk4 were expressed at moderately elevated levels in Mnt À/À whole embryos at embryonic day 18.5 ( Fig. 3) , while the levels of Cdk2 were unaffected. Mnt þ/À embryos displayed little or no changes in the levels of these proteins. These results, together with results from Mnt À/À MEFs (27) , suggest that downregulation of c-Myc as well as N-Myc, and upregulation of CyclinE1 and Cdk4 are signature events linked to loss of Mnt.
Cleft palate in mixed background Mnt mutants
Other than smaller size, there were no obvious histological defects in any of the organs or tissues of Mnt À/À mice compared to wild-type mice, such as brain, lung, heart, kidney, liver, gonads, gastrointestinal tract and muscle (data not shown). To determine potential causes for the severe neonatal mortality in Mnt null mutant mice that died at birth, we examined litters from mixed background Mnt þ/À crosses at birth. We found that Mnt À/À mice had reduced amounts of milk in their stomachs and displayed small jaws compared to wildtype littermates. Upon further examination, it was apparent that some Mnt À/À newborn mice displayed clefting of both the hard and soft palate compared to normal palate closure in Mnt (Table 3) . Most of these (18/20) displayed complete soft and hard clefting of the palate. One embryo displayed only a cleft soft palate and another had a small hole in the palate. Although more than 30% of these mice had palate defects, the remaining 63% of Mnt À/À mice had no palate abnormalities. In addition, when similar experiments were performed in inbred mice, none of the Mnt À/À mice displayed any palate abnormalities (Table 3) . Since nearly all Mnt À/À mice of mixed and inbred background died as neonates, these data indicate that although cleft palate may be one cause of death of Mnt À/À mice, there must be other causes.
To further examine whether Mnt was required for primary palate closure, we made Pitx1-Cre þ /Mnt CKO/CKO mice. The Pitx1-Cre transgene was characterized by crossing to ROSA26-flox/LacZ reporter mice. At E9.5 and E10.5, Cre-recombinase activity produced strong staining in Rathke's pouch and throughout the ectoderm of the oral cavity and the mandibular and maxillary processes. At E14.5 the epithelial components of all oral structures were stained: tongue, primary palate and palatal shelves, lips, teeth and outer surface of the lower jaw. Mesenchymal components of these structures were not stained, suggesting that the transgene is only active in first branchial arch and oral ectoderm and not in neural crest. Based on this analysis, recombinase activity begins before E9.5, with maximum recombination reached between E9.5 and E10.5. These mice (FVB/n background) were mated to Mnt conditional mice. There were no significant defects with normal palate closure in Pitx1-Cre þ /Mnt CKO/CKO mice at birth and these mice lived to adulthood (data not shown). 
Abnormal development of skull
Because Mnt À/À mice in a mixed background have small jaws and skulls at birth, we examined skeletal development by skeletal staining. Mnt À/À mixed background mice displayed normal staining patterns in rib, limbs and long bones (data not shown), whereas all mutants displayed defects in the skull (Fig. 5A and B) . The overall size of the mutant skulls was smaller, with apparent symmetrical reduction in length and width. In wild type and Mnt þ/À mice, the interparietal and supraoccipital bones occupied almost all of the area of the rostral skull (Fig. 5A) . By contrast, these bones were obviously reduced in size in Mnt À/À mice (Fig. 5A) . The mandible was also smaller in Mnt À/À mice compared to wild-type (Fig. 5C ). Mnt À/À mice displayed reductions in both mandible ( Fig. 5D and E) and skull ( Fig. 5F and G) size. There was perhaps an even greater relative reduction in mandible length and width, suggesting that the cleft palate phenotype may be secondary to mandible growth defects. However, in spite of these marked differences in mixed background mice, 129/S6 inbred Mnt 
(E), at birth (D) and inbred
Mnt deficient mice at birth (F). *P < 0.001, **P < 0.01 and ***P < 0.05. There are statistically significant differences at birth between Mnt þ/þ mice and Mnt þ/À mice, and at E14.5, E18.5 and at birth between Mnt þ/À mice and Mnt À/À mice, and between Mnt þ/þ mice and Mnt À/À mice (B, D, E). As for mixed background mice, there are statistically significant differences at birth between inbred Mnt þ/À mice and Mnt À/À mice and between Mnt þ/þ mice and Mnt À/À mice (F).
Human Molecular Genetics, 2004, Vol. 13, No. 10 1061 mice displayed normal skull development with no defects in mandible or head dimensions (data not shown). These data suggest that Mnt is important for the normal development of interparietal and supraoccipital bones in the skull as well as the mandible in a strain-dependent fashion. These findings also suggest that Mnt may not be essential for primary palate closure, and support the hypothesis that the cleft palate phenotype displayed by Mnt À/À mice was secondary to defects in bone growth and development.
DISCUSSION
In this study, we characterized mice containing a null mutation in the Mnt gene, encoding a putative Myc antagonist, that is contained within the mouse chromosome 11 region syntenic to the MDS region on human chromosome 17p13.3. We demonstrate that Mnt is required for proper embryonic growth and development as nearly all Mnt À/À mice died in the neonatal period, and Mnt À/À mice displayed embryonic, neonatal and growth retardation. Furthermore, Mnt À/À mice displayed strain dependent craniofacial abnormalities, characterized by cleft palate and retardation of skull development suggesting possible involvement in MDS.
Mnt and craniofacial defects in Miller-Dieker syndrome
Human 17p13.3 contains the critical region for two related syndromes with neuronal migration defects: ILS and MDS. Patients with ILS display lissencephaly without other major defects (2), while MDS patients display a more severe grade of lissencephaly, as well as characteristic craniofacial dysmorphic features, including a prominent forehead, microcephaly, small jaw, small nose, thin vermilion border and micrognathia (2, 31) . Cleft palate is not commonly observed in MDS patients. ILS linked to 17p13.3 is caused by heterozygous deletion or mutation of the LIS1 gene (6, 32) . The more severe clinical phenotype of MDS is always associated with deletions of LIS1 and more telomeric deletion and haploinsufficiency of 17p13.3, up to and including the gene for 14-3-3e (9,10). These results suggest that LIS1 is the primary gene responsible for the neuronal migration defects displayed by patients with ILS and MDS, and that other genes in 17p13.3 when deleted cause the more severe migration defects and craniofacial phenotypes seen in MDS (9, 10, 33) .
The cleft palate and skull developmental defects displayed by Mnt mutant mice suggest that Mnt may be a gene involved in the craniofacial defects displayed by MDS patients. Although cleft palate was detected in Mnt À/À mice with mixed background, Mnt À/À mice with 129/S6 genetic background did not have cleft palate, suggesting that cleft palate results from genetic interactions between strain-specific genetic modifiers. Our data also suggest that the cleft palate phenotype may be secondary to the small jaw of Mnt À/À mice. Due to a small mandible in the mutants, the tongue was displaced backward in the oral cavity, preventing the elevation and fusion of palatal shelves in Mnt À/À mice. In humans, cleft palate secondary to an underdeveloped mandible is well recognized and is termed Robin sequence (34, 35) . In addition, Pitx1-Cre þ /Mnt CKO/CKO mice, where Mnt was inactivated in the developing palate, did not display cleft palate. Although this experiment alone is not conclusive, it supports the hypothesis that the cleft palate phenotype displayed by these mice is secondary to the bone growth defects. Because correct neural crest migration is crucial for normal craniofacial development, including skull development, conditional deletion of Mnt in developing neural crest may help resolve this issue. It will also be important to determine whether Pitx1-Cre þ /Mnt CKO/CKO mice eventually develop tumors, as was seen in MMTV-CreMnt CKO/CKO mice (27) . Genes responsible for the craniofacial defects displayed by MDS patients remain to be identified in humans. It is uncertain whether the MDS facial dysmorphisms are the result of a single gene or haploinsufficiency of multiple genes important for craniofacial development. In mice, loss of Hic1 or Mnt results in craniofacial defects. Hic1 knock-out mice die perinatally and exhibit a range of gross developmental defects, such as acrania, exencephaly, cleft palate, limb abnormalities and omphalocele (11) . Heterozygous mutants have no developmental phenotype, similar to Mnt heterozygotes, but are predisposed to malignant tumors (36) . HIC1 (hypermethylated in cancer) is a transcription factor and candidate tumor suppressor (37,38). As noted above, MDS patients do not display cleft palate, although both Mnt and Hic1 heterozygotes do. Cleft palate may be a manifestation of loss of MDS craniofacial genes in mice even though it is not commonly seen in human MDS. Since neither Mnt nor Hic1 heterozygotes display any craniofacial defects, it is possible that combined haploinsufficiency of MNT, HIC1 and perhaps other genes in the MDS critical region are necessary for the full MDS craniofacial phenotype (33) .
Mnt is important for normal growth and survival
Virtually all Mnt
À/À mutants in a mixed or inbred (129/S6) genetic background died perinatally. As noted above, 37% of the mixed background mutants displayed cleft palate as well as retardation of skull development, a phenotype not observed in the inbred mutants. Since nearly all Mnt À/À mice of either background die as neonates, these data indicate that although cleft palate may be one cause of death of Mnt À/À mice, there must be other causes. No histological defects were evident in other tissues examined. Although the molecular mechanisms responsible for growth retardation and neonatal lethality of Mnt À/À mutants remain unknown, one possibility is that the reduced c-Myc levels in Mnt À/À embryos are involved (27) . 
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Both c-Myc À/À and N-Myc À/À mice display early embryonic lethality (39) (40) (41) (42) (43) (44) . Moreover, embryonic development appears exquisitely sensitive to c-Myc and N-Myc levels, with decreasing levels of c-Myc causing increasingly severe growth retardation and null mutations causing embryonic lethality at mid-gestation (39, 43, 45) . Thus, the decreased levels of c-Myc and N-Myc in Mnt À/À mice may be equivalent to hypomorphic alleles of both c-Myc and N-Myc. Indeed, the decreased c-and N-Myc levels in Mnt À/À embryos (Fig. 3 ) might be expected to cause a more severe phenotype or embryonic lethality. However, MEFs lacking Mnt, which also show downregulation of c-Myc levels, proliferate at a rate at least comparable to wild type MEFs (27) , raising the possibility that loss of Mnt may counter, to some degree, the affects of decreased Myc levels during embryonic development. Consistent with this idea, Cyclin E1 and Cdk4 upregulation, signature events caused by ectopic Myc expression (46) (47) (48) , are elevated in Mnt À/À embryos (Fig. 3) , as well as in Mnt À/À MEFs (27) despite reduced Myc levels. The upregulation of these important Myc effectors caused by loss of Mnt-dependent repression would theoretically confer reduced dependency on Myc for proliferation and embryonic growth and development. This idea and the general notion that Mnt is a Myc antagonist will be bestaddressed using genetic model systems. For example, it will be important to determine whether loss of Mnt can rescue, or partially rescue, the mid-gestation lethality of Myc-deficient mice and/or rescue the proliferative arrest of MEFs lacking c-Myc (49, 50) .
CONCLUSIONS
In this study, we have provided evidence that the Maxinteracting protein Mnt, a putative antagonist of Myc, is an important gene for neonatal survival and essential for embryonic growth. We also demonstrate a strain-specific function for Mnt in craniofacial development. Since MNT lies within the MDS critical region, these findings are consistent with the notion that MNT may play some role in the craniofacial defects displayed by MDS patients. However, it is unlikely that MNT is the only gene responsible for these phenotypes, based on human deletion studies (9) as well as the lack of phenotype in Mnt þ/À mice. Instead, we favor the model that the craniofacial phenotypes displayed by MDS patients result from combined haploinsufficiency of more than one gene in this region. If MDS is a contiguous gene syndrome, it is likely that Mnt and Hic1 are two contributing genes, based on the phenotypes of homozygous mutants for these genes. , width between mandibles (E), skull length (F), and skull width (G) between Mnt þ/þ mice and Mnt À/À mice. *P < 0.001, **P < 0.01. There are significant differences in mandible and skull sizes. Note that greater apparent differences were observed in mandible than in the skull.
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MATERIALS AND METHODS
Generation of Mnt mutant mice
The Mnt targeting construct was generated from a murine genomic Mnt clone obtained from a l phage genomic library by screening with a fragment of a human genomic clone (L132) known to contain MNT. To make a backbone of a targeting vector, we constructed a Hygro-VDE/loxP vector. Briefly, the blunt-ended XhoI-PmeI fragment of pPNT Neo VDE/loxP (51) was replaced with the blunt-ended BamHI-BamHI fragment of pMCI-HPH (hygro R gene). The XbaI-XbaI fragment of Mnt genomic clone was cloned into XbaI site of a Hygro-VDE/loxP vector. The blunt-ended XbaI-XhoI fragment which was obtained by XhoI partial digestion was cloned into blunt ended XhoI site of a Hygro-VDE/loxP vector. A third loxP site was generated by the cloning of an oligo DNA fragment containing loxP sequence into an AscI site. Finally, the blunt-ended XhoIXbaI fragment was cloned into blunt-ended AscI site. This triple-loxP Mnt targeting vector was transfected into TC1 ES cells (52) and targeted cells were identified by Southern blotting using a 800 bp probe from intron 3. Targeted ES cells were introduced into C57BL/6 blastocysts and germline chimeric mice were produced. These germline chimeras were mated to inbred 129/S6 mice to introduce the targeted allele (Mnt CKO ) into the germline as an inbred 129/S6 line. Heterozygous mutant mice (Mnt þ/CKO ) and FVB/n EIIa-Cre mice (29) were mated to produce heterozygous knock-out mice (Mnt þ/À ) in a mixed genetic background. To produce inbred (129/S6) Mnt deficient mice, Mnt þ/CKO 129/S6 mice were mated with Prion-Cre 129/S6 mice and screened by PCR using tail DNA. Prion-Cre 12/S6 inbred mice express Cre recombinase in all tissues during embryogenesis and act as an inbred germline deleter strain (30) .
Genotype analysis
Embryos and adult mice were genotyped by PCR analysis by using tail DNA or yolk sac. The sequences of the primers for wild-type, conditional or deleted alleles are as follows. For wild-type allele detection, MntWT-sense (5 0 -cagtccctgaagagg aagga-3 0 ) and MntWT-Rev2 (5 0 -ccggagcacacgatctatct-3 0 ) were employed. For deleted allele detection, MntKO3 (5 0 -caggtcct ccaaaagagcag-3 0 ) and MntKO4 (5 0 -ggagcaatgtggagagaagc-3 0 ) were used. The conditions of amplification were 35 cycles at 94 C for 30 s, 68 C for 60 s and 72 C for 120 s. This PCR generate 386 bp fragment from mutant allele and 147 bp from wild-type allele. To distinguish wild-type and conditional mut ant alleles, a single pair of primers (sense, 5 0 -cagattcagtgtcccct gct-3 0 ; antisense, 5 0 -gtctcaagtcgtgggcattg-3 0 ) was used to amplify a 178 bp product from wild-type allele and 1.9 kb product from conditional allele. As amplification from conditional allele was somewhat difficult because of its large size, a second PCR reaction was always performed to confirm the presence of the conditional allele. In this reaction, a pair of primers from hygro (sense, 5 0 -gatgtaggagggcgtggata-3 0 ; antisense, 5 0 -gatgtt ggcgacctcgtatt-3 0 ) were used. This PCR reaction amplified a 579 bp product from the conditional null allele. For the presence of the Cre allele, two primers were used (CREA1: ccgggctgccacgaccaa and CREA2: ggcgcggcaacaccattttt). For Southern blot analysis, tail DNA was digested with EcoRV, separated with 1% agarose and transferred into Hybond Nþ (Amersham Pharmacia Biotech, Piscataway, NJ). The transferred membrane was probed with a 800 bp EcoRV/XbaI fragment from intron 3, and detected a 1.7 kb wild-type allele and/or a 1.3 kb mutant allele.
Growth, histological, immunohistochemical and western blot analysis
Embryos were dissected at various developmental stages and weighed. Dissected tissues were fixed in 4% paraformaldehyde/ PBS solution for 15 h at 4 C. Fixed embryos were decalcified with 22.5% formic acid/10% sodium citrate as described (53) . Decalcified samples were embedded in paraffin, sectioned at 5 mm, and stained with hematoxylin and eosin. For western blots, protein lysates were prepared from embryonic fibroblast cells prepared from Mnt þ/þ , Mnt þ/À and Mnt À/À mice. Anti-Mnt polyclonal antibody used in western blots was described previously (17, 27) .
Skeletal staining
Skeletal staining was performed as described in (54) . Briefly, skin, viscera and adipose tissue of E18.5 embryos or newborn pups were removed and fixed in 95% ethanol for 5 days. Fixed samples were placed in acetone for 2-5 days and stained with 0.015% alcian blue/0.005% alizalin red S solution for 3 days at 37 C. After brief washes with dH 2 O, samples were cleared in 1% KOH solution for 24 h and through 20, 50 and 80% glycerol/1% KOH solutions. Cleared samples were stored in 100% glycerol until photography.
